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Abstracts:  
Various biological system models have been proposed in systems biology, which are based on 
the complex biological reactions kinetic of various components. These models are not 
practical because we lack of kinetic information. In this paper, it is found that the enzymatic 
reaction and multi-order reaction rate is often controlled by the transport of the reactants in 
biological systems. A Computational Fluid Dynamic (CFD) approach, which is based on 
transport of the components and kinetics of biological reactions, is introduced for biological 
system modeling. We apply this approach to a biological wastewater treatment system for 
the study of metabolism of organic carbon substrates and the population of microbial. The 
results show that CFD model coupled with reaction kinetics is more accurate and more 
feasible than kinetic models for biological system modeling. 
 
Introduction 
Systems biology integrates knowledge from diverse biological components and data into models 
of the system as a whole to investigate the behavior and relationships of all elements in a 
particular biological system1. To establish a modeling approach is one of the key tasks for systems 
biology2-3. Present models of biological system are most commonly based on the framework of 
deterministic chemical kinetics. This approach applied to study biological system has already 
provided valuable results, for example in studies of the networks controlling bacterial 
chemotaxis6-7, developmental patterning in Drosophila8-9 and infection of E. coli by lambda 
phage10. 
The major difficulty in applying deterministic chemical kinetics to modeling biological 
system is that we do not have enough information about the chemical kintics4,5. Further more, the 
slow transport of reactants may influence the reaction rate remarkably, for the biological reaction, 
especially the enzymatic reaction, is very fast in comparison with the transport of reactants, so the 
transport behavior of the components in a biological system should be considered in the model11. 
In this paper, a computational fluid dynamic approach is introduced for modeling of 
biological system. It is based on the transport of the components in biological systems with the 
inclusion of reaction kinetics.  The population of the microbial and metabolism of organic carbon 
substrates and nitrogen in biological system for wastewater treatment are studied with the CFD 
approach. Firstly the approach is described with basic biological reactions, then, a benchmark 
biological wastewater treatment system12 is simulated. 
Computational fluid dynamics is a body of knowledge and techniques used to solve 
mathematical models of fluid dynamics on digital computers19. This formulates and solves the 
fundamental mass, momentum, and energy conservation equations in space. For many processes it 
is, in principle, possible to incorporate a diverse range of phenomena within these basic equations 
and/or to complement them with additional conservations such as biological reactions. Examples 
of this approach applied in biological system have recently been provided for flow and mass 
transfer study by many researchers20-22. 
We focus on the aerobic biological system for removal of organic carbon substances and 
nitrogen in wastewater, which is the main objective of the biological wastewater treatment 
system23. This kind of biological system is a man-controlled ecological system, first developed at 
early 20th century and remained one of the most important wastewater treatment systems24. The 
ecological system, in a constant stirred reactor with a cylinder dimension of radii and height of 4m, 
using high speed surface aerator in top of the center25, is modeled with the method to study the 
population of the microbial and metabolism of the substrates and nitrogen. 
 
Method 
The mass transfer of the components in the system with biological reaction is controlled by 
convection and diffusion in the water, and the formula control the mass transfer of a component is 
as following: 
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C represents the concentration of the component, D is the diffusion coefficient and S the 
external supplied source term. ∑Ri represents the source term produced by all biological reactions 
related to the component. The velocity u can be solved by a CFD software. In the CFD modeling, 
A steady-state simulation is performed, because steady-state simulation greatly reduces the 
complexity and computer time, and demonstrates the main features of the system. It is true that  
the model kinetic parameters are temperature dependent, but temperature variation is so little that 
it can be ignored within the system, and thus, the energy equation is not necessary to be solved. 
In the present kinetic model, a homogenous distribution of each component has been 
assumed, so that the convection and diffusion terms in Formula 1 are ignored. In actual biological 
system such as the biological wastewater treatment system, it has been demonstrated that 
distribution of oxygen is not homogenous and the transport of the components cannot be ignored 
in our previous work25. 
In the removal of readily biodegradable substrate, such as glucose, two biological reactions 
are related to the removal of substrate and growth of heterotrophs in the biological wastewater 
treatment system26. They are coupled to CFD model as following: 
   C5H7O2N +(1/6) C6H12O6+0.29O2+0.142NH3==1.142C5H7O2N + 0.29 CO2 + 0.716 H2O  (1) 
   C5H7O2N + 2.76H2O == 0.08 C5H7O2N (d) + (4.6/6)C6H12O6 + 0.92NH3                      (2) 
Reaction (1) describes the growth of the heterotrophs (C5H7O2N) and removal of the soluble 
organic carbon substrates (C6H12O6), Reaction (2) describes the death of the heterotrophs and 
decomposition as organic carbon substrate and some inert residues (C5H7O2N (d)).  
A Monad type kinetic model27 is used for aerobic growth of heterogrophs. The main kinetics 
formula in the system should be that: 
The heterotrophs growth rate R(X) is proportional to the heterotrophs concentration XB,H: 
R(X)= HBH X ,µ                                                          2 
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Removal rate R(S) of soluble organic carbon substrate 
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Oxygen consumption: 
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Where Cs represents the substrate concentration, CO2 represents the dissolved oxygen 
concentration. The death of the heterotroph is modeled according to the death–regeneration 
concept28. The death rate R(XD) for heterotrophs in system is  
R(XD)= HBH Xb ,•−                                                        6 
The producing rate R(SD) for COD due to the death of the heterotrophs: 
R(SD)= )1(, fXb HBH −••                                                  7 
The concentration of NH3, having a little influence on the reaction rates at high concentration in 
actual reactor, is ignored in simulation. The generation and removal of the three components 
including dissolved oxygen, substrate and heterotroph are controlled by the Eqs.2-7 which has 
been implemented in the transport calculation. The main kinetics parameters used in the model for 
comparing with kinetic model are listed in the table 1. 
Table1 Kinetic parameters used in the demonstration of the approach 
Parameter symbol Unit Data 
Heterotrophic max. specific growth rate 
Heterotrophic decay rate 
Half-saturation coefficient(hsc) of substrate 
for heterotrophs 
Oxygen hsc for heterotrophs 
Heterotrophic yield 
Fraction of biomass yielding particulate 
products 
µ0H 
bH 
KS 
 
KO2 
YH 
f 
Day-1 
Day-1 
gCODm-3 
 
gO2m-3 
 
 
12 
0.40 
10 
 
0.2 
0.71 
0.08 
Fluent6 version code29 is employed for the transport calculation. This code uses the Finite 
Volume method19 for the discretization of the Navier-Stokes equations. Standard κ-ε model30 is 
used to solve the turbulent flow, which has proved rather successful for flow and mass transfer 
modeling in our case25. the reactor is cylindrically symmetric, the computational domain is 
simplified as two dimension. The initial grid generated for CFD calculation is about 100*100, and 
adapted automatically by the Fluent6 code until a convergence criterion, i.e. 5%, is achieved. For 
each size of the grid, the convergence criterion for each variable is set to be below 10-6. The model 
is robust, accurate and cost effective in terms of computational time in a similar case31. Detailed 
boundary condition can be found in previous study25. All designs are implemented on a personal 
computer with Athonon XP CPU. Because the mass transfer in our system have little influence on 
the flow field, the flow field is firstly solved without consideration of mass transfer, and then 
coupled calculation for fluid flow and mass transfer is performed, so that the calculation is fast 
and easy to converge. 
In the perfectly mixed system assumption of kinetic model, the components in the outflow 
is the same as those in the system, so 
   V*dX/dt = Q*X0B,H - Q* XB,H + R(X) + R(XD)                                   8 
   V*dCs/dt = Q*C0s - Q*Cs + R(S) + R(SD)                                       9 
X0B,H and C0S represent the inflow concentration of the microbial and the substrate. The following 
formula for XB,H and Cs in the system can be deduced under steady state: 
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Fig.1 non-dimensional outflow concentration(outflow concentration/inflow concentration) at 
different retention time simulated by perfectly mixed model and CFD model 
Simulation result of the CFD is compared with that of the kinetic model. Figure 1 compares the 
non-dimensional population of the heterotroph(X/X0) and substrate concentration (C/C0) in 
outflow in different retention time of the substrate (V/Q) predicted by the perfectly mixed model 
with that predicted by the CFD model in steady state. It can be seen that the kinetic model predicts 
a much low substrate concentration in outflow when the same kinetic parameters are used. The 
kinetic model for biological wastewater treatment system assumes the perfectly mixed state, and 
often over-predicts the removal efficiency of the substrate in the system34. One kind of explanation 
is the reduction of activity of the heterotrophs in different conditions35,36. In comparison with the 
kinetic model, the CFD model predicts lower performance of the system, because mass transfer 
effects are considered in CFD approach, that is the main difference of the two kinds of model, so 
the mass transfer process is the main reason of over-prediction by kinetic model. In the modeling 
of piston flow reactor for wastewater treatment, dispersion correction32-33 has also been applied. 
The rhological property of biological wastewater treatment system can be regarded as the 
Newtonian fluid with obviously increased viscosity related to the concentration of 
heterotrophs38-39 in CFD calculation. Fig.2 shows the substrate removal efficiency under different 
viscosity. CFD model predicts that viscosity has low influence on the concentration and substrate 
in the system as in figure 2.  
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 Fig2 non-dimensional concentration of outflow predicted by CFD model with different viscosity 
As the kinetic parameters are temperature dependent23, we compare the performance of the 
system at different operation temperature. Fig.3 shows the substrate concentration of outflow 
predicted by CFD model at different operation temperature. It can be seen that the performance of 
the system decreases at low operation temperature, which is consistent with that of the actual 
system23. 
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Fig3 non-dimensional concentration of outflow predicted by CFD model under different 
temperature 
Oxygen supply is related to the performance of the system. Figure 4 shows the concentration 
of the outflow under different oxygen supply. It can be seen that the high oxygen supply greatly 
improves the performance of the system when at low hydraulic retention time. 
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Fig.4 outflow concentration predicted by CFD model under different oxygen supplying rate with 
5700s hydraulic retention time  
In some of the system, the concentration of the substrate on the surface of the heterotroph is 
significantly different from the background concentration in the liquid phase. Owing to the size of 
the heterotroph, there exists a boundary layer for the concentration of substrate on the surface of 
the heterotroph. When we consider the substrate decomposition reaction rate with equation 2, we 
should use the substrate concentration on the surface of the heterotroph, however, the transport 
solution can only give the substrate solution in the liquid. To determine the substrate concentration 
on the surface of heterotroph, we simplify the heterotroph as a sphere. The mass transfer 
coefficient k to the surface of a sphere can be found in ref. [40], which can be simplified as  
kd/D=2.                                               12 
where d is the diameter of sphere, D is the substrate molecular diffusion coefficient in liquid, and 
thus we have the liquid phase volumetric mass transfer coefficient  
kLa=kS/V=6k/d=12D/d2                                  13 
The transfer rate of the substrate from the liquid phase to the surface of the heterotrophs must 
be balanced by the removal rate of the substrate in steady state, that is  
Rd=kLa(Cs-Css)=R(S)                                                   14 
where Css is the concentration of the substrates on the surface of the heterotrophs. Cs is the 
substrates concentration in liquid phase. Css can be deduced as: 
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We apply Css to substitute Cs in equation 2 for the modeling to an aerobic 
granule sludge system13. The diameter of the heterotrophs is 4 mm and the substrate 
diffusion coefficient D is 5*10-10m2/s. As a function of heterotrophic maximum 
specific growth rate, the concentration of substrate can be modeled. The simulated outlet 
concentrations of substrate and heterotroph are shown in Fig.5. It is found that the 
performance of the system is not greatly affected by heterotrophic maximum specific 
growth rate. 
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Figure 5 non-dimensional concentration of outflow predicted by CFD model under different 
kinetic parameter 
Wastewater such as municipal wastewater is very complexes including hundreds and 
thousands different components. The Activated Sludge Model No. 1(ASM1)26, developed by the 
International Water Association (IWA), is considered as the reference kinetic model14,17. In ASM1 
model, the substrate and microbial are simplified to be 13 components, and 8 biological reactions 
have been modeled. 
The ASM1-based COST benchmark12 wastewater treatment plant has been specifically 
developed for simulation-based objective evaluation of different control strategies in wastewater 
treatment plants. It is based on the ASM1 model, and detailed kinetic formula can be found in 
COST benchmark homepage12. Here we report a prediction of CFD model with inclusion of all the 
reaction kinetics included in the ASM1 kinetic model. The inlet flow of the CFD model is the 
same as that of the first tank of the closeloop in COST benchmark, the outflow of the fifth aeration 
tank predicted by the CFD model is compared with that of the fifth aeration tank in COST 
benchmark18. There are no reaction concerning soluble inert organic matter(SI) and particulate 
inert organic matter(XI),  so their concentration does not vary in steady state reactor.  
 Table2 the simulation result of CFD comparing with that of COST benchmark 
Outflow SS Xp XS XB,H XB,A SNO SNH SND XND 
COST 0.808 452.74 44.48 2562.9 154.2 13.5 0.672 0.665 3.26 
CFD 0.771 452.70 43.84 2563.3 154.0 12.8 0.758 0.676 3.40 
Table 3 the parameter difference of CFD model and COST benchmark 
Parameter µH bH kh µA bA ka ηg 
COST 4 0.3 3 0.5 0.05 0.05 0.8 
CFD 49.9 0.32 3.33 24.0 0.051 0.054 0.88 
The symbols in table 2 are the same as those of COST benchmark12. The average dissolved 
oxygen in reactor is set to be the same as that of COST benchmark through changing kLa of 
oxygen transfer for each aeration tank. It can be seen from table 2 that CFD model simulates well 
the biological wastewater treatment system with parameters different from kinetic model (as listed 
in table3).  
 
Discussion 
For multi-order reaction, if only one reactant varies remarkably, such as the hydrolysis of 
particle substrate in biological wastewater treatment system, its behavior is similar to first-order 
reaction. The first-order reaction rate is not related to the mass transfer of reactants. The main 
difference between the CFD and kinetic model is the maximum growth rate of microbial as show 
in table 3. For kinetic model, the maximum growth rate of microbial is very different from the 
original one. For example, E. coli is one of the main microbial in biological wastewater treatment 
system, the maximum growth rate of E. coli is 68.6 day-1(the generation time is 21minutes). In 
CFD model of COST benchmark biological wastewater treatment system, for the parameter 
represents actually the average rate of many different microbial in the system, it is close to the 
maximum growth rate of E. coli. This result shows the remarkable influence of the mass transfer 
process to the enzymatic reaction rate, for the difference between the two kinds of parameters is 
caused by mass transfer process. As many factors, such as the boundary condition around the 
biological system, influence remarkably the mass transfer of components, and the kinetic model 
cannot model the influence of these factors, the result implicates that CFD model is more precise 
than kinetic model in modeling biological system.  
Because many enzymes, which come from different biological species and different cells, 
have the similar structure and catalytic activity, and CFD model use the original kinetic parameter, 
so the work to study the kinetic information of biological system is remarkably reduced for CFD 
approach. 
In the aerobic granule sludge system, we also show that the removal rate of substrates is 
not affected by heterotrophic maximum specific growth rate. For a typical particle 
surface reaction, such as Monad type reaction, Css, the concentration of the substrates on 
the surface of the particle, is usually far less than Km. According to the Monad reaction kinetics, 
the removal rate of the substrates is:  
R(S)= µH0XB,H Css/(Ks+Css)≈µH0XB,HCss/ Ks,                                     16 
It is a typical second-order reaction. In steady state, the removal rate R(S) must be compensate by 
the transport rate Rd, which is shown in eq. (14), so 
Css/Cs= kLa /( µH0XB,H/ Ks + kLa)                                              17 
If kLa >> µH0XB,H/ Ks, Css/Cs≈1, then Rd=R(S)= µH0XB,HCss/Ks. In this case, the overall rate of 
the reaction is controlled by the biological reaction. The opposite extreme condition is kLa << 
µH0XB,H/Ks, Css/Cs <<1, then R(S)=Rd=kLaCs.  In this case, the overall rate of the reaction is 
controlled by the transport of the reactants. It is also right for particle inner reaction. The above 
discussed granule sludge system is an example of this condition. For a multi-order particle 
surface reaction, similar result can be achieved. 
As the enzymatic reaction is also a monad-type reaction, we check if an enzymatic reaction in 
a cell is controlled by the transport of the reactants. It is considered that the substrates transfer to a 
cell 2r in diameter. The coefficient of substrate mass transfer to the surface of the cell is kLa=3D/r2. 
In a typical system with diffusion coefficient D in the order of 10-10m2/s, r in the order of 1 um, 
and typical number of enzymes (N) in a cell is about 1000-10000. Note also that k2 is about 
103-106 /s and Km is about 10-3-10-5mol/l for typical enzymatic reaction. One can find that the 
reactant mass transfer to the cell is a much slower process than the kinetic reactions in the cell for 
most enzymatic reaction. Thus, the reaction rate is often controlled by the transport process in cell. 
As the biological process in cell is the basic one, such transport controlled enzymatic reaction may 
be the general phenomena in biological systems. 
For many biological reactions, the kinetic parameters are usually difficult to obtain52. We 
have shown that the reaction rate is not greatly influenced by the kinetic parameters in the case of 
fast reaction. So one of the greatest advantages of the CFD modeling are that remarkable accuracy 
can be achieved even if we use very rough kinetic parameters. 
In comparison with present kinetic models, the CFD model, which is based on the mass 
transfer process with the inclusion of biological reactions, is a more accurate method for 
biological system simulation, because more factors influenced the performance of the system are 
considered in CFD model than in kinetic model. It has been demonstrated in this paper that CFD 
model can well predict the performance of biological system for wastewater treatment. It has also 
been shown how CFD methodology can be applied to the study of the complex biological system. 
Biological wastewater treatment systems, as well as other biological systems, consist of 
thousands of simple components and biological reactions. It is not ease to simulate such 
complicated systems even with chemical kinetic model. However, the system can be simplified to 
consider the main components and reactions for a specific topic. In modeling substrates and 
nitrogen removal performance of biological wastewater treatment systems, the difference of many 
different kinds of substrates and heterotrophs can be ignored, therefore greatly reduces the number 
of the components and the number of the biochemical reactions. The main factors, which 
influence the carbon substrate and nitrogen removal efficiency of the system, have been well 
studied in this paper. Simplifying the chemical reaction brings about errors lesser, and it may be 
one of the main approaches to save the computer resource for CFD modeling of biological 
systems. In this paper, less than an hour CPU time on a personal computer equipped with Atholon 
XP2500 and 1 GB RAM is spended for a complete simulation to the benchmark reactor. In most 
biological system modeling, less computational resource is needed, for the flow is laminar, and for 
the calculation of reaction rate is not necessary for many biological systems. With such 
simplification, reasonable accuracy can be achieved yet the computation time can still be 
drastically reduced. This simplification can also be used in many biological systems for many 
other topics.  
In bioengineering and bioreactor modeling including biological wastewater treatment reactor 
modeling, two groups of models have been described in literature37. The first type deals with a 
combination of ideal reactors based on the biological reaction kinetics and the multiple 
compartments41-43.The second is based on a three-dimensional network of zones and biological 
reaction kinetics44,15-16. Recently, a combined hybrid multizonal computational fluid dynamics 
modeling approach20 has been demonstrated with the CFD tools to obtain mass exchanges 
between different compartments before dynamical simulation. This kind of combined hybrid 
multizonal computational fluid dynamics modeling approach obtains substantial improvement on 
solving the difficulties of characterizing the mass and energy fluxes between adjacent zones for 
the multizone model. However, the combined multizone computational fluid dynamics modeling 
approach still uses the completely mixed hypothesis in each zone, and would inevitably make 
some errors in industrial reactor simulation, although the errors can be greatly reduced through 
increasing the number of the zones, but then the model construction becomes rather sophisticated. 
In this paper, we have successfully demonstrated that a CFD model with the inclusion of the 
biological reaction kinetics can be used. It gives a more accurate description of the processes in 
the bioreactor, and can be applied to modeling bioreactor with other biological processes. The 
CFD approach can be also applied to modeling water ecologic system such as marine ecosystem 
and water eutrophication simulation. 
 
Acknowledgement 
This work is partially supported by the Ministry of Science and Technology of the People’s 
Republic of China (grants No. 2003AA60100-3-4). The authors are grateful to Mr. Xiaoyu Yang in 
Shanghai Hi-key technology corporation Ltd for his technical support and advices to use Fluent. 
 
Reference 
1.Ideker T, Galitski T, Hood L,A new approach to decoding life: Systems biology, ANNUAL 
REVIEW OF GENOMICS AND HUMAN GENETICS 2: 343-372 2001 
2.Tanita Casci, 2005,Developmental biology: A model model system, Nature Reviews Genetics 6, 
255-255;  
3.Endy D, Brent R, Modelling cellular behaviour, NATURE 409 (6818): 391-395 2001 
4. Bailey, J.E. (2001) Complex biology with no parameters. Nature Biotechnol 19: 503–504. 
5. Jeremy S. Edwards, Markus Covert and Bernhard Palsson, Metabolic modelling of microbes: 
the flux-balance approach of living; the task that lies ahead is to integrate these, Environmental 
Microbiology (2002) 4(3), 133–140 
6. Alon U, Surette MG, Barkai N, Leibler S., 1999, Robustness in bacterial chemotaxis, Nature 
397:168–171;  
7. Bray D, Levin MD, Morton-Firth CJ, 1998, Receptor clustering as a cellular mechanism to 
control sensitivity, Nature, 393:85–88 
8. Burstein Z. 1995. A network model of developmental gene hierarchy. J. Theor.Biol. 174:1–11;  
9. Marnellos G, Mjolsness E. 1998. A gene network approach to modeling early neurogenesis in 
Drosophila. Pac. Symp. Biocomput.3:30–41 
10. McAdams HH, Shapiro L. 1995, Circuit simulation of genetic networks, Science,269:650–56 
11.J Schaff, CC Fink, B Slepchenko, JH Carson and LM Loew,1997, A general computational 
framework for modeling cellular structure and function, Biophysical Journal, Vol 73, 1135-1146 
12. Copp, J.B., 2002. The COST Simulation Benchmark: Description and Simulator Manual. 
Office for Official Publications of the European Community, Luxembourg. ISBN 92-894-1658-0. 
p. 154. 
13. J. J. Beun, A. Hendriks, M. C. M. van Loosdrecht, E. Morgenroth, P. A. Wilderer and J. J. 
Heijnen, Aerobic granulation in a sequencing batch reactor, Water Research, 1999, 33(10), pp 
2283-2290 
14. Krist V. Gernaey, Mark C.M. van Loosdrecht, Mogens Henze, Morten Lind, Sten B. Jorgensen, 
Activated sludge wastewater treatment plant modelling and simulation: state of the art, 
Environmental Modelling & Software 19 (2004) 763–783 
15. Mann, R.; El-Hamouz, A.M., Proceedings 7th Eur. Conf. on Mixing (Royal Flemish Society of 
Engineers Eds.) 1991, pp. 232-242. 
16. Mann, R.;Ying, P.; Baker, K.; Edwards,R.B., AIChE Symp, 89 (Tatterson, G. B., Ed.) 1993, pp. 
16-20. 
17. Roeleveld, P.J., van Loosdrecht, M.C.M., 2002. Experience with guidelines for wastewater 
characterisation in The Netherlands. Water Sci. Technol. 45 (6), 77–87. 
18. http://www.ensic.u-nancy.fr/COSTWWTP/Benchmark/Benchmark1.htm; introduction of 
closed loop can be find in: http://www.ensic.u-nancy.fr/COSTWWTP/Pdf/closedloop_ss.pdf; and 
http://www.ensic.u-nancy.fr/COSTWWTP/Pdf/closedloop_perf1.pdf 
19. H.K. Versteeg and W.Malalasekera, An introduction to computational fluid dynamics The 
finite volume method, Longman Group Ltd 1995 
20. F. Bezzo, S. Macchietto, and C. C. Pantelides, General Hybrid Multizonal/CFD Approach for 
Bioreactor Modeling, AICHE Journal, Vol 49, No.8, 2133-2148, 2003;  
21. Brouckaert, C. J.; Buckley, C. A., The Use of Computational Fluid Dynamics for Improving 
the Design and Operation of Water and Wastewater Treatment Plants, Water Science and 
Technology Vol40, No 4-5, 1999, pp. 81-89;  
22. Ekama, G.A.; Marais, P ,Assessing the applicability of the 1D flux theory to full-scale 
secondary settling tank design with a 2D hydrodynamic model, Water Research Volume: 38, No3, 
2004, pp. 495-506. 
23. C.P. Leslie Grady, Jr., Glen T. Daigger and Henry C. Lim, Biological wastewater treatment 
second edition, revised and expanded, 1999, Marcel Dekker, Inc. 
24. Jeppsson, U. (1996) Modelling Aspects of Wastewater Treatment Processes, PhD thesis, Lund 
Institute of Technology, Sweden. 
25. Weidong Huang, Chundu Wu and Weidong Xia; Flow and oxygen transfer modeling of surface 
aeration biological reactor for wastewater treatment, Water Research, submitted 
26. Henze, M., Grady, C.P.L., Jr., Gujer, W., Marais, G.V.R., Matsuo, T., 1987. Activated Sludge 
Model No. 1. IAWQ Scientific and Technical Report No. 1, London, UK.  
27. Monad J. 1949, The growth of bacterial cultures, Ann Rev Microbiol. 3, 371-394. 
28. Dold, P., Ekama, G.A., Marais, G.V.R., 1980. A general model for the activated sludge process. 
Prog. Water Tech. 12 (6), 47–77. 
29. [www.fluent.com] 
30. B. E. Launder and D. B. Spalding. Lectures in Mathematical Models of Turbulence. Academic 
Press, London, England, 1972 
31. Morchain J., C.Maranges and C. Fonade, CFD modeling of a tow phase jet aerator under 
influence of a crossflow, water research, Vol 34, No13, pp3460-3472, 2000 
32. Makinia J. and W ells S.A. 2000, A general model of the activated sludge reactor with 
dispersive flow-I. Model development and parameter estimation. Wat. Res. 34: 3987-3996.  
33. Jacek Makinia and Scott A. Wells, Evaluation of empirical formulae for estimation of the 
longitudinal dispersion in activated sludge reactors, Water Research, Volume 39, Issue 8, 2005, 
Pages 1533-1542 
34. Hellinga, C., van Loosdrecht, M.C.M., Heijnen, J.J., 1999. Model based design of a novel 
process for nitrogen removal from concentrated flow. Math. Comput. Model. Dyn. Syst. 5, 
351–371. 
35. Grady Jr, C. P. Leslie; Smets, Barth F.; Barbeau, Daniel S. Variability in kinetic parameter 
estimates: a review of possible causes and a proposed terminology, Water Research,Vol30, No 3, 
1996, pp. 742-748 
36. Petersen, B., 2000. Calibration,  identifiability and optimal experimental design of activated 
sludge models. Ph.D. Thesis, Ghent University, Belgium.  
37. Fabrice Guillard and Christian Tragardh, Modeling of the Performance of Industrial 
Bioreactors with a Dynamic Microenvironmental Approach: A Critical Review, Chem. Eng. 
Technol. 22 (1999) 3, 187-195 
38. Guibaud, Gilles; Tixier, Nicolas; Baudu, Michel, Hysteresis area, a rheological parameter used 
as a tool to assess the ability of filamentous sludges to settle, Process Biochemistry Vol40, No 8, 
2005, pp. 2671-2676; 
39. Hua, Bin; Lu, Yongsheng et al, STUDYOF RHEOLOGICAL BEHAVIOR OF 
WASTEWATER SYSTEM WITH BIOLOGICALLY ACTIVE MATTERS, Chinese 
Environmental Engineering, 2000, Vol 18 No2, 27-30 
40. E. L. Cussler, Diffusion mass transfer in fluid system, second edition, 2000, Cambridge 
University Press; 
41. Singh, V.; Hensler, W.; Fuchs, R.; Constantinides, A., Proceedings Int., Conf.Bioreactor Fluid 
Dynamics (1986) pp. 231-256.  
42. Manfredi, R.; Cavallera, V.; Marini, L.;  Donati, G., Biotech. Bioeng. 15 (1983) pp. 
3115-3131. 
43. Bader, F. G., In: Biotechnology processes, scale-up and mixing (Ho, C. S., Oldshue, J. Y., Eds.) 
AIChE Publications 1987, pp. 96-105. 
44. Mann, R., Chem. Eng. Res. Des. 64 (1986) pp. 23-34. 
